Purpose Curcumin has shown a variety of biological activity for various human diseases including cancer in preclinical setting. Its poor oral bioavailability poses significant pharmacological barriers to its clinical application. Here, we established a practical nano-emulsion curcumin (NEC) containing up to 20% curcumin (w/w) and conducted the pharmacokinetics of curcuminoids and curcumin metabolites in mice. Methods This high loading NEC was formulated based on the high solubility of curcumin in polyethylene glycols (PEGs) and the synergistic enhancement of curcumin absorption by PEGs and Cremophor EL. The pharmacokinetics of curcuminoids and curcumin metabolites was characterized in mice using a LC-MS/MS method, and the pharmacokinetic parameters were determined using WinNonlin computer software. Results A tenfold increase in the AUC 0?24h and more than 40-fold increase in the C max in mice were observed after an oral dose of NEC compared with suspension curcumin in 1% methylcellulose. The plasma pharmacokinetics of its two natural congeners, demethoxycurcumin and bisdemethoxycurcumin, and three metabolites, tetrahydrocurcumin (THC), curcumin-O-glucuronide, and curcumin-O-sulfate, was characterized for the first time in mice after an oral dose of NEC. Conclusion This oral absorption enhanced NEC may provide a practical formulation to conduct the correlative study of the PK of curcuminoids and their pharmacodynamics, e.g., hypomethylation activity in vivo.
Introduction
Curcumin, a naturally bioactive component in the Curcuma longa, has been shown to have a wide range of biological and pharmacological actions, including anti-tumor, anti-inflammatory, anti-virus, anti-oxidation, and anti-HIV activities in preclinical settings [1] . However, demonstration of these activities in clinical setting has been an unprecedented challenge because of its poor bioavailability despite curcumin is well tolerated at levels up to 12 g/day for 3-4 months in clinical settings [2] . The pharmacokinetic (PK) studies of curcumin in rodents and humans have consistently reported poor systemic bioavailability [3, 4] . Factors contributing to the low bioavailability of curcumin include its poor solubility and absorption, and its rapid metabolic elimination by reduction and conjugation [1] . No detectable curcumin in the urine, dose-independent low plasma level of curcumin (5 nM) and high levels of curcumin in the feces ([3 lmol/g) after dietary feeding of curcumin (0.1-0.5%) in rats suggest its poor absorption from the gut [5] . A maximal plasma level of 0.6 lM [3] curcumin has been reported in mice after oral administration of curcumin solution(s) or curcumin-fortified food up to the dose of 1 g/kg [3] . Similar to rodent studies, the oral systemic bioavailability of curcumin is poor in humans. In 25 patients with various precancerous lesions, the mean plasma levels were 0.19, 0.20, and 0.60 lg/ml (0.51, 0.54, and 1.6 lM) after taking 4, 6, and 8 g per day for 3 months, respectively [6] . However, only extremely low curcumin level (B130 nM) in plasmas has been detected in several clinical trials after oral dosing of curcumin up to 12 g/day in healthy volunteers [4] . Therefore, the limited oral bioavailability of curcumin in humans poses a major obstacle to achieving adequate plasma levels with desirable pharmacological effects [1] .
Natural curcumin is a mixture of three bis-a,b-unsaturated-c-diketone hydrophobic curcuminoids: curcumin, demethoxycurcumin, and bisdemethoxycurcumin in a ratio of 77:17:3 [1] . Due to the pH-dependent tautomerization of ketone and enol isomers, curcuminoids exist as a predominant keto form in acidic and neutral solutions [3] and stable enol form in alkaline medium (Fig. 1) . To improve the bioavailability of curcumin, several methods including adjuvant [7] , phospholipid complexes [8] , nano-particle formulation [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , microemulsion [22] , and novel curcumin analogs [23] have been evaluated. Among these, nano-particle and microemulsion formulations have shown rather promising prospects for in vivo delivery of curcuminoids.
Recently, a self-microemulsion drug deliver system (SMEDDS) has been established to show significant enhanced absorption of curcumin [9] . However, no pharmacokinetics of curcumin has been reported for this system, which may be due to its low loading capacity of curcumin or the lack of a sensitive analytic method for curcumin. In this study, we first systematically evaluate the solubility of curcumin in several polyethylene glycols (PEGs) at different temperatures. Based on the finding of high solubility of curcumin in PEGs, a practical nano-emulsion curcumin was established containing up to 20% curcumin (w/w) in a mixture of PEG 600 and Cremophor EL. Then, the pharmacokinetics of curcumin, its two natural congeners (termed as curcuminoids collectively), and three in vivo metabolites: curcumin-O-glucuronide, curcumin-O-sulfate, and tetrahydrocurcumin (THC) was characterized in mice.
Materials and methods

Chemical and reagents
Curcumin as a mixture of curcumin, demethoxycurcumin, and bisdemethoxycurcumin (95%) was purchased from ACROS Organics (Belgium, USA), THC was prepared according to a published procedure [24] , the internal standard (I.S.) hesperetin was obtained from National Cancer Institute (Bethesda, MD, USA), and analytical HPLC grade methanol, acetonitrile, ethyl acetate, and formic acid were purchased from Fisher Scientific (Pittsburgh, PA, USA). The heparin-treated mouse plasma was purchased from Harlan Bioproducts (Indianapolis, IN, USA). The phosphate buffer saline (PBS, pH 7.4), polyethylene glycol (PEG)-200, PEG-300, PEG-400, PEG-600, Cremophor EL, and Tween 80 were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals and reagents were used as received. An E-pure water purification system (Barnstead, Dubuque, IA) was used to obtain HPLC grade water ([ 18 mX-cm).
Instrumentation
The LC-MS analyses used a Finnigan TSQ Quantum EMR Triple Quadrupole mass spectrometer (Thermo Fisher Fig. 1 The tautomerized structures of three natural curcuminoids: curcumin, demethoxycurcumin, and bisdemethoxycurcumin Scientific Corporation, San Jose, CA) coupled to a Shimadzu HPLC system (Shimadzu, Columbia, MD), which was equipped with a CBM-20A system controller, an LC-20 AD pump, a SIL-20AC auto-sampler, CTO-20A column oven, DGU-20A5 degasser, and FCV-11AL valve unit. The temperature of the auto-sampler was set at 4°C during operation. All operations were controlled by Finnigan Xcalibur software (Home Page Version 1.4 SR1) on a Windows XP operating system. Liquid chromatographic-mass spectrometry Curcumin, THC, and hesperetin were separated on a C 8 column (2.1 9 50 mm, 5 lm, Thermo Hypersil-Keystone, Bellefonte, PA, USA) coupled with a C 8 basic guard column (2.1 9 10 mm, 2 lm, Thermo Hypersil-Keystone, Bellefonte, PA, USA) at the flow rate of 0.20 ml/min with an isocratic eluent consisting of 50% mobile phase (MP) A (0.1% formic acid water) and 50% MP B (0.1% formic acid acetonitrile).
The mass spectrometer was operated in the positive ESI mode with a collision gas (Argon) pressure of 1.5 psi, a typical electro-spray needle voltage of 4,700 V, a sheath nitrogen gas flow of 25 (arbitrary unit), and a heated capillary temperature of 325°C. The samples and I. 
Extraction method
Curcumin, tetrahydrocurcumin, and the I.S. hesperetin were extracted from mouse plasma using ethyl acetate as follows: a 100 ll aliquot of blank mouse plasma spiked with various concentrations of curcumin, tetrahydrocurcumin, and a fixed concentration of hesperetin (1,000 ng/ml) were extracted with 1.0 ml ethyl acetate. The ethyl acetate layer was collected and dried under a mild stream of nitrogen. The residues were then reconstituted with 100 ll 50% acetonitrile/0.1% FA. The resulting solution was then analyzed by the LC-MS/MS method.
Solubility of curcumin in PEG 200, 300, 400, and 600 Curcumin (300 mg) was suspended in 1,100 mg PEG 200, 300, 400, and 600 in aluminum-foil-covered eppendoff tubes. These solutions stayed at room temperature or in a 60 or 100°C sand bath for 60 min with occasional vortex every 10 min. Then, the solution was stayed at room temperature overnight followed by centrifugation at 15,0009g for 3 min. An aliquot of 10 ll of the supernatant was diluted with 990 ll ethanol as solution A (20-250 lg/ml). Then, an aliquot of 100 ll of the supernatant was diluted with 900 ll ethanol as solution B. The absorption of solution B was measured on an UV-Vis spectrometer, and the concentration of curcumin was calculated based on the absorption at 425 nm against the calibration curves of curcumin in ethanol. The total amount of curcumin and the relative amount of curcumin, demethoxycurcumin, and bisdemethoxycurcumin were determined using the abovedescribed LC-MS/MS method by serial dilution against the calibration curve of curcumin in mobile phase.
Preparation of nano-emulsion curcumin NEC1-NEC7 Curcumin (1.65 g) powder was added into 10 ml PEG 400 or PEG 600 (Sigma, St. Louis, MO. USA) in a glass tube covered by aluminum foil. After stirring, the tube was heated at 100°C in a heating block for 15 min till the curcumin powder was completely dissolved in PEG 400 or PEG 600. After cooling the tube at room temperature for about 10 min, various amounts of Cremophor EL and Tween 80 were added into the tube and the mixture was vortexed. The final concentration of curcumin of these seven formulations is 100 mg/ml-NEC1: one hundred mg/ml curcumin in PEG 400; NEC2-NEC5: 100 mg/ml curcumin in PEG 400 and Cremophor EL with a v/v of 4:1, 2:1; 4:3, and 1:1; NEC6: 100 mg/ml curcumin in PEG 400, Cremophor EL, and Tween 80 solution with a v/v/v ratio of 4:2:1; and NEC7: 100 mg/ml curcumin in PEG 600 and Cremophor EL with a v/v ratio of 2:1.
Stability of nano-emulsion curcumin (NEC7)
The stability of NEC7 was evaluated as follows: Formulations of curcumin (100 mg/ml) in 66.7% PEG 600 and 33.3% Cremophor Ò EL were stored at room temperature and at 37°C (in triplicates). Samples were taken at 0, 14, 30, and 60 days following storage to quantify the concentration of curcumin using UV-Vis spectrometer as detailed in the solubility section.
Particle size and morphology of NEC7
The particles of NEC7 were characterized for size and morphology using a JEOL-1210 transmission electron microscope (TEM) (JEOL, Tokyo, Japan) operating at 60 kV. For TEM measurements, 1 drop of nano-emulsion curcumin in water was carefully placed on 200-mesh formvar-coated copper TEM grid (grid size: 97 lm) (Ted Pella, Inc., Redding, CA, USA) followed by staining with 1% w/v of uranyl acetate solution for 5 min. The excess solution on the grid was removed using a piece of fine filter paper, and the samples were allowed to air dry for 10 h prior to imaging the particles under TEM.
Pharmacokinetics of curcuminoids and curcumin metabolites in mice after an oral administration of nano-emulsion curcumin and suspension curcumin CD2F1 mice (*20 g) (Harlan, Indianapolis, IN) for formulation screening or CF-1 (Charles-river Laboratory, Wilmington, MA) for the full set of pharmacokinetics were used in this study. All animal procedures were performed according to a protocol in compliance with The Ohio State University Laboratory Animal Resources (ULAR) policies, which adhered to the guideline and ''Principles of Laboratory Animal Care by National Institutes of Health.'' For formulation optimization, gavage administration of approximately 250 ll of respective curcumin formulations results in a dose of 1,000 mg/kg. For complete pharmacokinetic analysis, approximately 450 or 250 ll (adjusted by body weight and doses) formulation NEC7 or SC in 1% methylcellulose was gavagely administered to mice resulting in a dose of 1,800 or 1,000 mg/kg curcumin. The blood was collected by cardiac puncture under CO 2 anesthesia 1-h post-administration for formulation optimization, and the following time schedule of 0 (predose), 0.17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 24 h after dosing was collected for the full set of pharmacokinetics study. The blood samples in the heparinized tubes were centrifuged at 1,0009g for 5 min in a 4°C microcentrifuge, and the supernatant of each was collected and kept at -80°C until analysis. The curcumin levels in plasma were measured using the recently established LC-MS/MS assay. Plasma concentration-time data were analyzed by the WinNonlin computer software (Pharsight 5.0, Mountain View, CA) using appropriate pharmacokinetic models.
Analysis of curcumin in mouse plasma
An aliquot of 100 ll of PK plasma samples of NEC (10 9 dilutions with blank mouse plasma) and SC formulations was mixed with 10 ll I.S. (10 lg/ml stock in 50% acetonitrile). The resulting solution was extracted and processed according to the protocol described in Extraction Method Section. An aliquot of 25 ll of the final solution was injected into the LC-MS system for LC-MS/MS analysis.
Statistical analyses
Results were subjected to ANOVA and linear regression analysis using Minitab (version 15) software packages.
Plots of residuals were used to ensure that variances were homogeneous and that the residuals had a normal distribution. The Kruskal-Wallis ANOVA, followed by the Dunns' multiple comparison test, was used to evaluate the curcumin levels at respective time points in the mice as a whole after an oral dosing of two curcumin formulations: NEC and SC. A two-tailed Mann-Whitney U test was used to compare plasma levels of curcumin obtained from NEC relative to plasma levels obtained from SC. Findings with P values B0.05 were considered significant.
Results
The solubility of curcumin in PEGs
It is well known that the poor oral bioavailability of curcumin relates at least in part from its poor solubility. Increased solubility may provide a practical way to increase its bioavailability. Recently, several research groups have demonstrated different practical methods to increase curcumin solubility including simply heating [25] , formation of cyclodextrin complex [26] , and non-covalent BSA complex [27] . Polyethylene glycols with different molecular weight have been used as co-solvents for many hydrophobic drugs. Here, the solubility of curcumin in several PEGs including PEG 200, 300, 400, and 600 at room temperature, 60, and 100°C was evaluated ( Table 1) . As shown in Table 1 , the curcumin concentration in PEGs is dependent on the average molecular weight of PEGs at room temperature and 100°C, but independent at 60°C. Notably, a curcumin concentration in the homogenous PEG solutions can be achieved up to 250 mg/ml when the solution was heated up to 100°C, without formation of a precipitate upon cooling down to room temperature. Since precipitation was not observed when curcumin-saturated PEG solutions at 100°C cool to room temperature, we were interested in determining whether chemical structural alterations of curcumin occurred during the heating and cooling process. To understand this phenomenon, the exact concentrations of curcumin, demethoxycurcumin, and bisdemethoxycurcumin were evaluated using the LC-MS/ MS method [28] and a comparable concentrations of these curcuminoids (250 mg/ml in PEG 600) in a ratio of 86:10:4 as determined by UV-Vis spectrometry. This result demonstrated that there was no significant decomposition of curcumin during this process since the concentration of curcumin determined by LC-MS/MS is the concentration of the free form of unmodified curcumin. This result is also consistent with a recent report on the increase of the solubility of curcumin in water by heating [25] .
Optimization of several nano-emulsion curcumin (NEC) formulations guided by 1-h post-dosing in mice Nano-particle formulations of curcumin including self-microemulsified drug delivery system (SMEDDS), solid lipid nano-particle (SLN), and sustained-release curcumin formulations have shown promising results to enhance the absorption of curcumin. However, due to the limited loading capacity of these formulations, the in vivo plasma level of curcumin has not yet to reach the effective concentrations shown in in vitro cell studies. We evaluated whether the mixture of PEGs and some non-ionic emulsifiers including Cremophor EL and Tween 80 would yield a nano-emulsion curcumin to enhance gastrointestinal absorption of curcumin. As most pharmacokinetic studies of curcumin in murine models have shown peak plasma concentrations at 1-2 h, we evaluate 1-h plasma concentration of curcumin to test several formulations of curcumin in different PEGs and mixtures with Cremophor EL and Tween 80 at different ratios in mice. Seven formulations NEC1 to NEC7 prepared as described in method section were administered orally at 100 mg/ml in 0.25 ml resulting in a dose of 1,000 mg/kg curcumin in mice. As shown in Fig. 2a , the plasma level of curcumin in mice is the lowest after oral dose of NEC1 and the highest for NEC7 (see composition in their preparation section). The plasma level of curcumin achieved with NEC2-NEC5 which varied in the ratio of Cremophor EL to PEG 400 is higher than that of NEC1 in PEG 400 alone. No significant difference of the plasma level of curcumin between NEC5 (PEG 400 plus Cremophor EL) and NEC6 (PEG 400 plus Tween 80) was observed, indicating that Tween 80 and Cremophor EL serve similar functions. The significant difference in plasma curcumin concentrations after oral dosing with NEC6 (PEG 400 plus Cremophor EL) and NEC7 (PEG 600 plus Cremophor EL) suggests that PEG 600 can enhance its absorption compared to that of PEG 400. As shown in Fig. 2 , the plasma level of curcumin after oral administration of formulation NEC7 is about sixfold higher than that of NEC6 in mice.
The stability and particle size of nano-emulsion curcumin These screening results demonstrated that PEG 600 and Cremophor EL have synergistic effects to enhance the plasma level of curcumin in mice. The stability of this formulation was then evaluated as described above. It was found that there was no significant change in curcumin content in this formulation, and \5% of curcumin in this formulation decomposed in 60 days at r.t. (Fig. 2b) . After dilution in water, the average particle size of NEC measured by TEM is 68.7 ± 26.1 nm (Fig. 3) .
Pharmacokinetics analysis of orally administered SC and NEC After optimization of NEC as 100 mg/ml curcumin formulated in volume ratio 2:1 of PEG 600 and Cremophor EL, the pharmacokinetics of this formulation and its suspension in 1% methylcellulose were characterized at the oral dose of 1,800 mg/kg in CD2F1 mice using a validated LC-MS/MS method [28] . The plasma concentration-time profiles of curcumin in mice following an oral administration of SC and NEC have been shown in Fig. 4 , and pharmacokinetic parameters in plasma obtained from the pooled concentration-time data are summarized in Table 2 . As shown in Fig. 4 and Table 2 , the AUC 0?24h of NEC was 1,299 lM min, while the AUC 0?24h of SC was 123.4 lM min. This resulted in a 10.5-fold increased relative bioavailability (Fig. 4) . These results also demonstrated C max values of 12.6 lM for NEC, about 39.4 times higher as compared to 0.353 lM for SC, indicating that NEC can deliver an in vivo effective plasma level of curcumin for most of predefined molecules and a significant increase in its oral bioavailability after its oral administration in mice.
Pharmacokinetic analysis of curcumin two natural congeners and metabolites of NEC Natural curcumin is a mixture of three curcuminoids: curcumin, demethoxycurcumin, and bisdemethoxycurcumin. Despite the pharmacokinetics of curcumin has been extensively studied, the pharmacokinetics of demethoxycurcumin and bisdemethoxycurcumin remains largely unexplored. This could be due to their relative low abundance in the commercial curcumin [29] . In addition, curcumin has been shown to be metabolized extensively into two major conjugates, curcumin-O-glucuronide and curcumin-O-sulfate [29] with some pharmacokinetic data in human after an oral dose of 12 g curcumin [4] . Recently, (Fig. 5b), bisdemethoxycurcumin (Fig. 5c) , curcumin-O-sulfate (Fig. 5d) , curcumin-O-glucuronide (Fig. 5e) , and tetrahydrocurcumin ( Fig. 5f ) can be detected in mouse plasma 30 min after an oral administration of 1 g/kg NEC. The occurrence of these species has previously been detected in mouse and rat plasma following oral administration of suspension curcumin [15] . Therefore, the results suggest that PEG 600 and Cremophor EL do not confound the metabolic profile of curcumin in vivo. Based on the plasma concentration-time profile of these species, curcumin-O-glucuronide is the predominant circulating species, followed by curcumin, demethoxycurcumin, tetrahydrocurcumin, bisdemethoxycurcumin, and curcumin-O-sulfate (Fig. 6) , and the relative ratio of plasma concentrations of curcumin, demethoxycurcumin, and bisdemethoxycurcumin at the early time points (30 min) reflected their normal distribution in the NGC formulation. The calculated pharmacokinetic parameters (Table 3) reveal that [1] the terminal elimination half-life is in the following order: [2] the time to reach to the peak concentration is from 20 to 30 min; [3] the AUCs/ dose of curcumin, demethoxycurcumin, and bisdemethoxycurcumin during 24 h is in the order bisdemethoxycurcumin [ demethoxycurcumin [ curcumin [4] ; and the AUC of curcumin-O-glucuronide, tetrahydrocurcumin, and curcumin-O-sulfate is about 5.08-, 0.085-, and 0.033-fold of that of curcumin, respectively.
Discussion
To overcome the pharmacological barriers of curcumin in clinical setting application, several novel curcumin formulations such as liposomal curcumin [15] , nano-particle curcumin [10, 11, 13, [16] [17] [18] [19] [20] [21] 31] , solid disperse (SD) curcumin [32] , and self-microemulsified (SME) curcumin [22] have been established. Pharmacokinetic studies have demonstrated that liposomal curcumin, SD curcumin, and nano-particle curcumin can improve the absorption and oral bioavailability of curcumin with enhanced plasma concentrations and increased AUC in rats. However, the in vitro effective concentration of curcumin remains unachievable in vivo at all test doses. This may be due to their low loading capacity of curcumin. It is expecting that increasing the solubility of curcumin will increase its loading capacity and absorption. Here, we have found that the solubility of curcumin in several PEGs is high up to 250 mg/ml, thus we wished to develop a gel formulation with incorporation of well-established and widely used emulsifiers Cremophor EL and Tween 80. Notably, it was found that Cremophor EL and PEGs can synergistically enhance the plasma levels of curcumin in mice, and PEG 600 is a better co-solvent to enhance the plasma levels compared to that of PEG 400. Therefore, an improved NEC formulated in the mixture of PEG 600 and Cremophor EL has a tenfold loading capacity of 200 mg/ml compared to that of a reported SMEDDS 20 mg/ml with an average particle size of 68.7 nm [22] . Despite the pharmacokinetics of orally administrated curcumin as chow-feeding or some of these above-mentioned formulated curcumin has been characterized in rats and humans, the pharmacokinetics of orally administrated curcumin has rarely been characterized in mice. Lin et al. [3] first reported that the plasma level of curcumin can achieve 0.60 lM in plasma and then declined to under detection limit (5 ng/ml) within 6 h after an oral administration of 1.0 g/kg curcumin. Gescher [5] reported that the steady-state levels of curcumin in plasma was at levels near the limit of detection (5 pmol/ml) in C57Bl/6J after having received diet containing 0.1, 0.2, or 0.5% (150, 300, 750 mg/kg) curcumin for 1 week, and no products of metabolic conjugation or reduction of curcumin were detected. Recently, pharmacokinetics of curcumin in mice [33] demonstrated that no curcumin could be detected in plasma after an oral dosing of 75 mg/kg curcumin in 0.5 N NaOH, and the curcumin plasma level was 0.095 and 0.465 lM and THC plasma level was 0.025 and 0.115 lM in mice after 4-month feeding of 0.05% (75 mg/kg) and 0.2% curcumin (300 mg/kg) in chow, respectively. Here, we are reporting for the first time that the plasma level of curcumin can achieve [10 lM in mice after an oral dose of 1,800 mg/kg NEC due to the enhanced oral bioavailability of NEC. The results were in accordance with the synergistically enhancement of curcumin absorption or other hydrophobic drug absorption by PEG 600 and Cremophor EL as an emulsion formulation [34] [35] [36] . The enhanced oral bioavailability may be arisen from the following three factors: first, PEG can enhance its solubility as a co-solvent to ensure the formation of a homogenous solution of curcumin as a gel, unlike a particle in curcumin suspension in 1% CMC. It is well accepted that the oral bioavailability of lipophilic compounds increases with the following orders: powder, suspension, and solutions. Second, the use of Cremophor EL and PEG for NEC may enhance the permeability of curcumin in the intestinal membrane or affinity between lipid particles and intestinal membrane, and bioadhesion to the GI tract wall. Last, the average particle size of nano-particles was maintained below 100 nm, and it helps bypassing the liver first-pass metabolism that has been reported to be the major site of curcumin degradation, which is consistent with the relative smaller ratio of curcumin-O-glucuronide to curcumin (\6:1) than the reported higher ratio [20:1 in human. Despite several metabolites of curcumin including curcumin-O-glucuronide, curcumin-O-sulfate have been detected as the major metabolites in human and rats after an oral administration of curcumin and detected in plasma after an i.p. administration of curcumin in mice [29] , no conjugation of metabolites of curcumin has been detected in mice after an oral administration of curcumin. As mentioned above, tetrahydrocurcumin has been detected in mice after 4-month feeding of curcumin-containing diets. Then, metabolic profiling and semi-quantification of three putative hypomethylating curcumin metabolites demonstrated first that curcumin-O-glucuronide, the major metabolite, followed by tetrahydrocurcumin and curcumin-O-sulfate, two minor metabolites, can be detected in plasma after an oral dose of 1.8 g/kg NEC. This is the first time to detect two curcumin conjugates in mouse plasma. Due to its unavailability, the biological activity of curcumin-O-glucuronide remains largely unknown. Recently, we have found that the synthetic curcumin-O-glucuronide has shown differential biological activity on the epigenetic patterns from that of curcumin in several human cancer cells (Data not shown). Therefore, NEC will provide a unique formulation to evaluate the association of these predefined biological activities of curcumin in vivo with its plasma levels and exposure duration. With these defined biological activity of curcumin-O-glucuronide, NEC will also provide a unique resource to differentiate biological activities in vivo by different orally administrated doses in murine models. Previously, the pharmacokinetics of demethoxycurcumin and bisdemethoxycurcumin, two natural congeners of curcumin in natural curcumin remains unexplored. One more thing to be mentioned is the finding that the ratio of AUC/dose of curcumin, demethoxycurcumin, and bisdemethoxycurcumin is in the following decreasing order: bisdemethoxycurcumin, demethoxycurcumin, and curcumin in mice after an oral dose of 1 g/kg NEC. This result implicated that the bioavailability of both demethoxycurcumin and bisdemethoxycurcumin is more than that of curcumin. Bisdemethoxycurcumin has the highest bioavailability. The success of the characterization of demethoxycurcumin and bisdemethoxycurcumin is ascribed to the enhanced oral bioavailability of NEC and the sensitive LC-MS/MS method for quantification of curcumin and its congeners up to 8 h. Interestingly, the increasing order of the oral bioavailability of curcumin, demethoxycurcumin, and bisdemethoxycurcumin is consistent with their tendency to be glucuronidated and the current scenario of predominant metabolite of curcuminoids as their glucuronides [4, [37] [38] [39] . The finding should have significant implication for the future research for curcumin since several comparative studies on the biological activities of curcumin, demethoxycurcumin, and bisdemethoxycurcumin have shown that demethoxycurcumin and bisdemethoxycurcumin possess similar biological activities to that of curcumin on several targets and their cytotoxicities on several human cancer cell lines [40] . With the favorable pharmacokinetic properties of demethoxycurcumin and bisdemethoxycurcumin, it is logic to shift the current research scenario of curcumin using commercial curcumin mixture as a mixture of curcumin, demethoxycurcumin, and bisdemethoxycurcumin to use single curcuminoids. Also our study has demonstrated that curcumin, demethoxycurcumin, and bisdemethoxycurcumin have shown comparable inhibitory activity on M. SssI [30] . Therefore, further characterization of the pharmacokinetics and pharmacodynamics of these respective hypomethylating curcumininoids and their metabolites in murine models is ongoing to advancing NEC to the clinical setting as a potential means of overcoming the pharmacological barrier of curcumin.
